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Terahertz frequencies ͑usually in 1 -10 THz͒ lie between two electromagnetic spectral regions with quite matured theories and applications. In recent years, lots of efforts have been put in to unveil the terahertz physics and discover their potential uses. Finding low cost, compact, and efficient terahertz emitters and detectors is important since most of the gas molecules and chemicals have their fingerprints inside the terahertz frequencies. Terahertz imaging techniques have been used not only for biomedical but also for security reasons.
1,2 Quantum cascade lasers 3 and emitters 4 made from III-V compounds and SiGe have drawn lots of attention in the past few years. Terahertz waves can also be generated from level-to-level transitions of shallow impurity centers ͑n-or p-type͒ in semiconductors ͑Si or Ge͒ at low temperature. These hydrogenic centers have their level spacings naturally in the terahertz region. 5 Optical pumping of n-type silicon by CO 2 lasers can even cause terahertz lasing. 6 The research on electrical pumping of n-and p-type semiconductors for producing terahertz emission has regained its popularity in recent years. 7, 8 However, not much attention 9 has been paid to the emission characteristics of compensated semiconductors ͑i.e., doped simultaneously with donors and acceptors͒.
In this work, we investigate the emission signals and spectra in the terahertz range from a lightly doped compensated p-type Ge under different levels of electrical pulses at cryogenic temperatures. The emission signals show obvious negative luminescence ͑NL͒ as well as conventional positive luminescence ͑PL͒. The NL phenomenon has been observed in the infrared range from narrow-gap semiconductors, including Ge, through magnetoconcentration effect and carrier extraction from p-n junctions at room temperature and above. 10 Under such circumstances, the emission from interband transition is suppressed and the samples are out of equilibrium with their enclosures. The radiation emitted from the samples is thus less in intensity than that absorbed by the samples. The NL property can be applied not only to radiation detection but also to radiation shielding or cooling.
11
A one-side-polished compensated p-type Ge:Ga sample having dimensions of 5.05ϫ 4.3ϫ 1.98 mm 3 was attached to a copper heat sink by GE varnish and then mounted on a cryostat cold finger. The sample has a net dopant concentration of N A − N D Ϸ 2 ϫ 10 14 cm −3 and a compensation ratio of N D / N A տ 0.01, estimated respectively from the roomtemperature conductivity of 13 ⍀ cm and the breakdown field of 4.2 V / cm at 4.2 K. 12 The cryostat was equipped with cold white inner PE windows and a radiation shield to prevent the interference of room-temperature background radiation. Voltage pulses, with widths of 1.05 and 2.1 ms and a repetition rate of 157 Hz, were applied. Current was monitored on an oscilloscope by measuring the voltage across a 10 ⍀ resistor in series with the sample. A thermal resistor was placed adjacent to the sample to record the temperature. Emission spectra from the polished surface ͑5.05 ϫ 4.3 mm 2 ͒ were measured by a Bruker IFS 66v/s Fourier transform infrared spectrometer using the step-scan amplitude modulation technique with an SR850 lock-in amplifier ͑LIA͒. A Mylar beam splitter, outer white PE windows ͑on the cryostat͒, and a silicon bolometer were used for far infrared emission detection ͑with a detectable range from about 20 to 700 cm −1 ͒. Figure 1 shows the variations of the electric field E and the conductivity in ͑a͒ and the integrated emission intensity I in ͑b͒ with the current density J. The temperature measured is slightly increased with J from 8 to 12 K. The S-type negative differential resistance ͑SNDR͒ phenomenon, one of the characteristics of heavily compensated Ge, 13, 14 can be clearly seen from the E-J curves in Fig. 1͑a͒ under low current excitation. It is found that the SNDR occurs only at low enough temperature ͑Ͻ10 K͒ and the transition of the E-J curve from the SNDR to the Ohmic region depends on the pulse width. The SNDR is less obvious for narrower pulses because of the shorter time for ionization to produce free carriers. Furthermore, the reduction of E with J indicates a superlinear increase of , revealing also a superlinear increase of the free hole concentration p in the SNDR region. It is believed that these free carriers come mainly from the preoccupied excited states, instead of the ground states, due to the larger impact ionization coefficient. 14, 15 The emission intensity in Fig. 1͑b͒ is obtained by reading the LIA output at the center peak of the interferograms and is further checked with the detector facing the emission sample directly. It can be seen that there appear two peaks for each I-J curve; the first peak position corresponds to the local minimum of E ͑the end of the SNDR region͒, while the second one to the maximum of . The positions of both the peaks shift toward higher J as the pulse width is reduced from 2.1 to 1.05 ms.
In fact, the emission of the first peak is related to NL, as can be seen from Fig. 2 , where we show the emission signals observed from an oscilloscope in ͑b͒ in response to the current pulses of 1.05 ms width applied to the sample in ͑a͒ for J = 1.1 and 4.9 A / cm 2 . The negative emission signal for J = 1.1 A / cm 2 implies a reduction in intensity from the thermal-equilibrium case ͑J =0͒, while the positive emission signal for J = 4.9 A / cm 2 implies an increase in intensity. In agreement with the I-J curve in Fig. 1͑b͒ , such a negative signal occurs at low J and reaches a maximum in magnitude at J = 1.1 A / cm 2 . For J Ͼ 2.5 A / cm 2 , the signal becomes positive and reaches the second maximum at J = 4.9 A / cm 2 . Figure 3 shows the emission spectra for six different levels of J with a pulse width of 2.1 ms, which has been indicated in Fig. 1͑b͒ . All the spectra are measured with a resolution of 6 cm −1 and using triangular apodization. For low excitation of J = 0.52 A / cm 2 , we draw a dashed line through the dip at 81.6 cm −1 to separate the spectrum into two parts, as shown in Fig. 3͑a͒ . The lower-energy part is assigned to NL, while the higher-energy part to PL. The negative emission signal is associated with the difference I PL − I NL , where I PL and I NL are the areas of the PL and the NL parts, respectively. As J increases from 0, the NL part grows faster than the PL part until J = 0.52 A / cm 2 , leading to the increase of net emission intensity I, as has been shown in Fig. 1͑b͒ . With J further increasing, the NL part begins to diminish, while the PL part continues to grow. At J = 1.5 A / cm 2 , I PL Ӎ I NL and I Ӎ 0. For J Ͼ 1.5 A / cm 2 , I PL Ͼ I NL , associated with the positive emission signal. As shown in Fig. 3͑b͒ , the NL part decays to a small one with the dip shifting to 63.8 cm −1 at J =2 A/ cm 2 and disappears for J ജ 2.16 A / cm 2 . The spectra broaden in width and increase in intensity with J until the thermal quenching starts to reduce the intensity at J = 3.39 A / cm 2 at which the net intensity I and the conductivity reach their maxima.
According to the observations described above, we can give a picture of carrier transition processes involving the acceptor centers as follows. We simplify the situation to four most important levels, as illustrated in ground states, ͑2͒ level L 1 for the lowest excited states from which the transition to the ground states corresponds to the G line, ͑3͒ level L 2 representing a group of excited states from which the transition to the ground states corresponds to lines C, D, and E, and ͑4͒ level L 3 representing the band states and the excited states very close to the band edge. At J = 0, the sample is in thermal equilibrium with the low-temperature environment. Absorption and emission of radiation are balanced, as illustrated in Fig. 4͑a͒ . When the excitation of a pulse width of 2.1 ms starts and begins to increase, residual free carriers at L 3 can gain kinetic energy to remove the holes efficiently from L 2 but inefficiently from L 1 by impact ionization to L 3 . The increase in the number of free holes at L 3 causes the SNDR electrically and the PL optically due to an increase in the L 3 -to-L 0 transition. Meanwhile, the decrease in the number of holes at L 2 reduces the emission of the L 2 -to-L 0 transition, leading to the NL of lines C, D, and E. When the level L 2 is almost empty of holes, the NL intensity reaches the maximum and the electric field E reaches the local minimum, as shown in Fig. 1 . This situation occurs at J = 0.52 A / cm 2 , as illustrated in Fig. 4͑b͒ . Further increasing the excitation strength will cause efficient ionization of acceptors at L 1 and a further increased population of holes at L 3 . Illustrated in Fig. 4͑c͒ is the situation at J =2 A/ cm 2 ,
where the level L 1 is almost emptied and the level L 2 is reoccupied by holes from L 3 through phonon scattering. This explains the spectrum for J =2 A/ cm 2 in Fig. 3͑b͒ , which has PL ͑but not NL͒ at lines C, D, and E, and still NL at line G. For even higher levels of excitation ͑J ജ 2.16 A / cm 2 ͒, depopulation of holes at L 0 by impact ionization becomes efficient. As illustrated in Fig. 4͑d͒ , there are a large number of holes at L 3 , and some of them relax back to L 2 and L 1 . Consequently, the emission is PL and increases in intensity with J until the conductivity reaches the maximum where the thermal quenching becomes important. For narrower pulses, the thermal quenching occurs at higher J, allowing more holes to be removed from L 0 . This is in agreement with the observation that the I-J curve has a higher second peak for 1.05 ms pulses than for 2.1 ms ones.
In summary, PL and NL of terahertz emission from a lightly doped compensated p-type Ge under different levels of pulse excitation have been observed at cryogenic temperatures. The NL spectra appear at energies lower than the PL spectra and are attributed to the reduction in radiative transitions from excited states to the ground states. These findings may be useful for implementing terahertz emitting and cooling devices. 
